In six open-chest, anesthetized dogs, segmental shortening was measured with one pair of ultrasonic dimension gauges placed in the subendocardium (used as a marker for regional ischemia) and two pairs in the epicardium. One of the epicardial crystal pairs was aligned parallel with the surface fibers and the other was oriented circumferentially, parallel with the short axis. During control conditions, with uniform transmural perfusion measured by microspheres (endo/epi ratio 1.17 ± 0.10), epicardial systolic shortening measured by parallel and circumferential segment pairs was comparable but significantly different (9.2 ± 2.4% and 7.3 ± 1.0%, respectively). Partial circumflex coronary artery narrowing produced subendocardial ischemia (blood flow reduced from 0.99 ± 0.24 to 0.29 ± 0.07 ml/min per g, P < 0.01 from control), characterized by elimination of subendocardial shortening (-1.3 ± 1.7%, P < 0.01) Outer myocardial perfusion remained unchanged [0.86 ± 0.17 to 1.00 ± 0.37 ml/min per g, not significant (NS)] and parallel epicardial shortening was not significantly reduced (8.4 ± 3.7%, NS); however, circumferential epicardial shortening was eliminated (-0.8 ± 2.2%, P < 0.01). With complete coronary occlusion, severe transmural ischemia was produced (including the subepicardial layer), and systolic lengthening was observed in the subendocardial as well as both epicardial segments. We conclude that circumferential and parallel epicardial shortening are comparable under conditions of uniform transmural perfusion (normal conditions and complete coronary occlusion), but that considerable nonuniformity of transmural contraction occurs during partial coronary narrowing associated with nonuniform transmural blood flow. Thus, unidimensional measurements of epicardial motion without regard to fiber orientation can lead to variable results under the latter conditions. Despite sustained epicardial blood flow, circumferential epicardial function correlated well with impaired subendocardial shortening during ischemia, indicating that a portion of the myocardium in the outer third of the wall is constrained from shortening during partial ischemia. (Circ Res 50: 352-359,1982) 
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From the Seaweed Canyon Laboratory, University of California, San Diego, La ]o\\a, California SUMMARY. In six open-chest, anesthetized dogs, segmental shortening was measured with one pair of ultrasonic dimension gauges placed in the subendocardium (used as a marker for regional ischemia) and two pairs in the epicardium. One of the epicardial crystal pairs was aligned parallel with the surface fibers and the other was oriented circumferentially, parallel with the short axis. During control conditions, with uniform transmural perfusion measured by microspheres (endo/epi ratio 1.17 ± 0.10), epicardial systolic shortening measured by parallel and circumferential segment pairs was comparable but significantly different (9.2 ± 2.4% and 7.3 ± 1.0%, respectively). Partial circumflex coronary artery narrowing produced subendocardial ischemia (blood flow reduced from 0.99 ± 0.24 to 0.29 ± 0.07 ml/min per g, P < 0.01 from control), characterized by elimination of subendocardial shortening (-1.3 ± 1.7%, P < 0.01) Outer myocardial perfusion remained unchanged [0.86 ± 0.17 to 1.00 ± 0.37 ml/min per g, not significant (NS)] and parallel epicardial shortening was not significantly reduced (8.4 ± 3.7%, NS); however, circumferential epicardial shortening was eliminated (-0.8 ± 2.2%, P < 0.01). With complete coronary occlusion, severe transmural ischemia was produced (including the subepicardial layer), and systolic lengthening was observed in the subendocardial as well as both epicardial segments. We conclude that circumferential and parallel epicardial shortening are comparable under conditions of uniform transmural perfusion (normal conditions and complete coronary occlusion), but that considerable nonuniformity of transmural contraction occurs during partial coronary narrowing associated with nonuniform transmural blood flow. Thus, unidimensional measurements of epicardial motion without regard to fiber orientation can lead to variable results under the latter conditions. Despite sustained epicardial blood flow, circumferential epicardial function correlated well with impaired subendocardial shortening during ischemia, indicating that a portion of the myocardium in the outer third of the wall is constrained from shortening during partial ischemia. (Circ Res 50: 352-359,1982) PREVIOUS preliminary studies (Gallagher et al., 1979; Genain et al., 1979) and a recent report have indicated that subepicardial shortening measured by pairs of ultrasonic crystals in the subepicardium can be greatly impaired during partial coronary stenosis, even though subepicardial perfusion is normal or even elevated. Thus, ischemia limited to the subendocardium appeared to create conditions which limited the contractile performance of the well-perfused outer muscle layers (Gallagher et al., 1979) . In our previous studies, the subepicardial crystals were placed parallel to the circumferential plane. Although deviated approximately 50-60 degrees from the actual orientation of surface epicardial fibers (Gallagher et al., 1979) , the extent of systolic epicardial shortening under control conditions was comparable to previously published data using more vertically oriented crystals (LeWinter et al., 1975) . In addition, Ingels et al. (1971) , using a different technique, had observed that systolic shortening of the lateral ventricular wall was similar whether measured parallel to the surface fibers or deviated approximately 45 degrees. Moreover, the fiber angle changes rapidly beneath the epicardium toward the circumferential direction (Streeter, 1979) , leading us to be-lieve that our crystal placement was appropriate. However, the overall correlation between regional blood flow and extent of systolic shortening in the epicardium during various degrees of coronary stenosis was poor, and this observation prompted a closer examination of the effect of fiber orientation on regional epicardial function. If the phenomenon of regional epicardial dysfunction with normal regional blood flow is a significant event during subendocardial ischemia, an important tethering effect of adjacent tissue on the outer wall is implied. Therefore, the present investigation was designed to study this question further and to examine whether the orientation of unidimensional segment length measurements in the outer wall is critical in assessing regional function in the presence and absence of ischemia.
Methods
We studied six, open-chest dogs anesthetized with sodium pentobarbital (30 mg/kg), and artifically respired with room air. They were instrumented as shown in Figure 1 . A Konigsberg high fidelity pressure gauge (P-7) was inserted into the apex of the left ventricle for measurement of left ventricular pressure, and Tygon (Norton plastics) catheters were placed in the left ventricle (for calibration of the Konigsberg gauge), left atrium (for injection of microspheres), and femoral artery (for obtaining a reference withdrawal sample of arterial blood for calculation of myocardial blood flow). The left circumflex artery was exposed and a screw clamp placed around it to produce coronary stenosis or occlusion.
Three pairs of ultrasonic crystals were placed in the myocardium supplied by the circumflex artery to measure regional dimensions (Bugge-Asperheim et al., 1969; Theroux et al., 1974) . One pair was implanted in the inner third of the myocardial wall, approximately parallel with the circumferential plane, to measure a deep myocardial segment. The other two pairs were positioned in the epicardium as shown in the righthand inset of Figure 1. One pair was implanted approximately parallel with the superficial fiber orientation and designated the parallel epicardial segment. The other pair was implanted in the circumferential plane parallel with the deep set of crystals. These orientations were confirmed at postmortem examination by directly measuring with a protractor the angle between surface fiber orientation and the axis through the center of each pair of subepicardial crystals after gently stripping away the epicardial sheath of connective tissue. Measurement of angles in the lateral-posterior wall of the basal left ventricle were facilitated by the relatively flat surface present in this area and the uniform surface fiber orientation. The angle measurements are presented in Table 1 . The average difference between the two orientations was 52 ± 12 (mean ± SD) degrees.
After allowing 30 minutes for the animal to stabilize after completing instrumentation, we made a control injection of preparations. Right inset indicates approximate locations of the two pairs of epicardial crystals. Each crystal was inserted 1-2 mm into the epicardial surface until only the top of the crystal was visible. In some cases, shallow sutures (6-0 Prolene) were used to keep crystals in position. Subendocardial segments were inserted through the myocardium to positions within the inner third of the myocardial wall, as previously described (Theroux et al., 1974). microspheres. Next, we created partial coronary stenosis with the screw clamp while monitoring the subendocardial segment for reductions in systolic shortening. When reduced segment shortening was achieved with approximately 50% reduction in subendocardial shortening (PCOl), we waited at least 3 minutes to ensure stability and then injected another batch of microspheres. Thereafter, without releasing the occluder, a second degree of partial coronary occlusion was produced, characterized by elimination of subendocardial shortening (PCO2), and another set of microspheres was injected. Finally, total coronary occlusion (TCO) was produced and a fourth set of microspheres injected. Arterial blood samples were taken periodically to ensure that blood gases were in the normal range, and supplemental oxygen was used as necessary. The time interval between initiation of partial stenosis which produced evidence of regional dysfunction and PCOl was 9.0 ± 2.1 minutes (mean ± SD), between PCOl and PCO2 was 8.5 ± 1.0 minutes, and between PCO2 and TCO was 6.1 ± 1.5 minutes. The time, at each step, included that required to carefully adjust the occluder for the proper degree of partial obstruction, calibrate, assure stable hemodynamic and dimensional conditions, and perform the flow study.
At the end of the experiment, the animal was killed with an injection of KG. The heart was removed and placed in formalin for 3 or 4 days to facilitate sectioning. Full-thickness sections were taken from the area of the left ventricle perfused by the left anterior descending artery, which served as a control region, and from the posterior wall containing the pairs of ultrasonic crystals used to measure deep and superficial segments in the region perfused by the circumflex artery. Each block of tissue was divided into three pieces of approximately equal thickness from endocardial to epicardial surfaces. After the location of each piece of tissue was recorded, it was weighed and placed in a counting vial for assay of radioactivity using a Packard Autogamma Spectrometer (model 5912). Myocardial blood flow was calculated with the following equation (Heymann et al., 1977) : Q m = (C, X Q r )/C r where Q m = myocardial blood flow (ml/min), C m = counts in the tissue sample (cts/min), Q r = withdrawal rate of reference arterial sample (ml/min), and C r = counts in the reference arterial sample. Flow per gram of tissue was calculated by dividing blood flow by the weight of the appropriate sample. The flow calculations were performed on a programmable Hewlett-Packard (model 9825A) calculator. Microspheres 10-12 /im in diameter (New England Nuclear) were used, each injection labeled with one of five different radionuclides ( 141 Ce, u3 Sn, 103 Ru, 95 Nb, or 46 5c). Because the tissue samples containing the subendocardial and epicardial crystals were adjacent but not the same, we compared the transmural patterns of blood flow in the different samples to ensure uniformity of blood flow. No significant differences were detected by analysis of variance; therefore the data were pooled.
Recordings were made during each experiment on a Brush forced ink recorder and on magnetic tape for subsequent analysis. Subendocardial and subepicardial segment lengths and left ventricular pressure were recorded simultaneously. The variables analyzed were segment length at end-diastole (identified at the point just before the onset of the positive dP/dt signal) and end-systole (defined as the maximum systolic excursion occuring at or before 20 msec prior to peak negative dP/dt), extent of systolic segment shortening, left ventricular peak and end-diastolic pressures, and heart rate. The extent of segment shortening was calculated as the difference in millimeters between enddiastolic and end-systolic dimensions (AL) and expressed as a percentage change from end-diastolic segment length (%AL). Dimensions during control conditions were normalized to distance of 10.00 mm and changes in dimensions were referenced to this value (Theroux et al., 1974) . We used segment shortening as the main parameter to assess the status of regional contractile performance. Changes in segment shortening have been shown to parallel closely changes in shortening at mid-systole (Kumada et al., 1980) , as well as the area of pressure-dimension loops (used as an index of segment work), segment velocity, and an index of segment power (pressure times segment velocity) (Theroux et al., 1976; Vatner et al., 1977; Tomoike et al., 1978) .
Data were digitized off tape using a computer system (PDP 11/03). Between 18 and 30 consecutive cardiac cycles (constituting two full respiratory cycles) were sampled and averaged, both immediately after the microsphere injection during control conditions, and also after coronary stenosis or occlusion was produced. Data in the control state, during partial coronary occlusions, and during total coronary occlusion, were analyzed both parametrically, using a repeated measurements analysis of variance procedure (Winer, 1971) , and nonparametrically (Koziol et al, 1978) . This nonparametric procedure is particularly sensitive to monotone trends in the data (defined as significant increases or decreases in a sequence of events), as when the severity of coronary occlusion increases. When overall significance was found with the repeated measurements analysis of variance procedure, Tukey's method of multiple comparisons (Brownlee, 1965) was invoked to delineate which paired comparisons were significantly different. All multiple comparisons were performed at an overall 0.05 alpha level. Data are presented as means ± standard deviation.
Results
Hemodynamic data are summarized in Table 2 . No significant change in heart rate was observed during graded ischemia compared with control conditions, but significant trends for reduced left ventricular peak systolic pressure and elevated end-diastolic pressure were found, using the nonparametric procedure of Koziol et al. (1978) .
An example of recordings from one of the experiments is shown in Figure 2 . The characteristic pattern of shortening (from end-diastolic to end-systolic length) of the three segments during control conditions is readily apparent (Fig. 2, left Abbreviations: HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular enddiastolic pressure; PCOl, first level of partial coronary occlusion; PCO2, second level of partial coronary occlusion; TCO, total coronary occlusion; significant changes from control values using Tukey's multiple comparisons procedure at P < 0.05(*) and 0.01 (f). Means ± SD are indicated. systolic shortening was significantly greater in the subendocardial than parallel epicardial segments (by 33%, F < 0.01), and parallel epicardial shortening significantly exceeded circumferential shortening (by 26%, P < 0.01). Data on segment dimensions are summarized in Table 2 and presented graphically in Figure 3 , in which the relationships between systolic shortening in the circumferential and parallel epicardial segments are compared with that in the subendocardium. The repeated measurements analysis of variance procedure consistently found significant differences between the control state, two levels of partial coronary occlusion, and total coronary occlusion for each of the dimension parameters in the subendocardial as well as both epicardial segments. The nonparametric procedure verified these findings and systematically identified significant monotone trends in the dimensional parameters as the severity of coronary stenosis increased. Tukey's multiple comparison procedure then was used to compare the dimension parameters at the various coronary occlusion levels with the control values.
With the first degree of partial coronary occlusion (PCOl), subendocardial shortening was significantly reduced (-53 ± 17%) from control. Epicardial shortening was not significantly altered in either segment from the control state (by Tukey's test), although the average relative change in circumferential epicardial shortening (-37 ± 33%) resembled the reduction in subendocardial shortening whereas that in the parallel segment (+ 3 ± 16%) did not (Fig. 3) .
Subendocardial and epicardial end-diastolic lengths were not significantly affected.
With the second degree of partial coronary occlusion (PCO2), subendocardial shortening was eliminated and replaced with slight systolic elongation, averaging -1.2 ± 4.2% (Table 2; Fig. 3 ), coincident with an 11.1 ± 4.7% increase in end-diastolic length. This is illustrated in the middle panel of Figure 2 , in which subendocardial dyskinesia is evident, accompanied by two different patterns of systolic shortening in the outer myocardium. Parallel epicardial shortening was not significantly different from control, whereas circumferential epicardial shortening measured in the same area was replaced with systolic elongation averaging -0.8 ± 2.2% of end-diastolic length (Fig. 2; Table 2 ). Thus, the relative change in circumferential epicardial shortening, exhibiting marked dysfunction during PCO2, again resembled the subendocardial response, while shortening was sustained in the parallel segments ( Fig. 3) . End-diastolic lengths increased significantly in both the parallel and circumferential epicardial segments (Table  2) .
Total coronary occlusion produced substantial systolic elongation in all three dimensions (Fig. 3) , as illustrated in the right panel of Figure 2 . The extent of elongation in the subendocardial and circumferential 0.99 ± 0.24 0.47 ± 0.15* 0.29 ± 0.07t 0.10 ± 0.07t 0.86 ± 0.17 0.69 ± 0.12 0.47 ± 0.15f 0.14 ± 0.12t 0.86 ± 0.17 0.95 ± 0.24 1.00 ± .37 0.31 ± 0.22t 0.90 ± 0.17 0.70 ± 0.10* 0.59 ± 0.12* 0.18 ± O.lOf Abbreviations: PCOl, first level of partial coronary occlusion; PCO2, second level of partial coronary occlusion; TCO, total coronary occlusion; significant change from control values using Tukey's multiple comparisons procedure are indicated at P < 0.05(*) and P < 0.01 (f). Means ± SD. Blood flow units: ml/min per g epicardial segments exceeded that in the parallel epicardial segments (Table 2) . End-diastolic length was significantly augmented by 15.7 ± 5.6% in deep segments and by 5.7 ± 3.4% and 6.9 ± 2.7% in the parallel and circumferential epicardial segments, respectively. As with the partial coronary occlusions, the changes in end-diastolic length were significantly greater in the subendocardium than subepicardium.
Myocardial blood flow data are summarized in Table 3 , and relative changes in subendocardial and subepicardial blood flow in the tissue containing the dimension gauges are presented in Figure 4 . During control conditions, the subendocardial to subepicardial flow ratio was significantly greater than unity (1.17 ± 0.10). With PCOl, subendocardial blood flow was significantly reduced (-53 ± 15%- Table 3 ; Figure 4) , which corresponded with the degree of subendocardial dysfunction. No significant change occurred in midmyocardial or subepicardial blood flow. During PCO2, subendocardial blood flow was further reduced (-71 ± 7%), accompanied by subendocardial akinesia; subepicardial blood flow was maintained at control levels or above, associated with dyskinesia (circumferential) and normal shortening (parallel) in epicardial segments (Table 3 ; Fig. 4 ). During TCO, the perfusion deficit extended transmurally, including the subepicardial third (-64 ± 24% from control), when all three segments exhibited systolic elongation.
Discussion
The relationship between regional myocardial blood flow and regional contractile function in different layers of the myocardium has not been extensively documented, and different techniques have been used to measure function. Walton-Brodie strain gauges have been employed by some investigators to measure contractile force in the inner myocardium by anchoring gauges with deep sutures or 1.5-cm pins (Schelbert et al., 1971; Forman et al., 1973; Kirk et al., 1973; Downey, 1976) . Superficial force has been measured with gauges anchored to the epicardial surface by shallow sutures. For example, Forman et al. reduced total coronary inflow through the main left coronary artery to create subendocardial ischemia in openchest dogs (assessed by the distribution of 86 Rb or 43 K) while measuring deep and superficial force with Walton-Brodie gauges; the deep muscle showed a diminution of force generation, but the epicardial gauges showed no reduction in contractile force (Forman et al., 1973; Kirk et al., 1973) . Downey later reported that epicardial contractile force responded in a manner similar to endocardial force with step reductions in blood flow through the main left coronary artery, although in three of six experiments the superficial gauges failed to demonstrate an appreciable change in contractile force when the flow rate was reduced by 15% or more at a time when deep contractile force was significantly reduced (Downey, 1976) . Direct comparison between these studies and the present experiments is complicated, however, since in our study regional rather than global ischemia was created; moreover, isometric force gauges anchored with deep sutures or pins to measure deep muscle force may create abnormal tethering of the muscle and an unphysiological (isometric) mode of contraction (Schelbert et al., 1971, Ross and Franklin, 1976) .
Experiments also have been performed using mercury-in-rubber gauges prestretched and sutured to the epicardial surface. Wyatt et al. (1975) and Waters et al. (1977) used a preparation in which a branch of the left coronary artery was cannulated and autoperfused via tubing from a systemic artery. Epicardial shortening was continuously monitored while reductions in coronary inflow were created. As total coronary inflow was decreased and mean coronary per-fusion pressure fell below 46-65 mm Hg, epicardial function was characterized by decreased shortening or holosystolic expansion (Waters et al., 1975; Wyatt et al., 1977) . Interpretation of these results is complicated by the fact that mercury-in-rubber gauges often exhibit systolic expansion under normal circumstances; they also may distort the myocardium by allowing incomplete diastolic expansion of the segment under the gauge (Bugge-Asperheim et al., 1969) , and in any case they measure motion of only the most superficial muscle.
Subendocardial segments were used in the present study primarily as a guide during the experiments to verify the presence of ischemia, and therefore we did not attempt to measure fiber orientation in the vicinity of the subendocardial crystals. We know of no direct measurements of crystal placement vs. fiber angle in the subendocardium, but the good correlation between blood flow and segment shortening observed in this study and found by other investigators using a variety of emplacement techniques (Vatner, 1980; Genain et al., 1979; Gallagher et al., 1979; Weintraub et al., 1981) suggests that precise crystal alignment in the subendocardium is a less serious problem than in the subepicardium. Verification of this possibility will require further investigation.
We previously obtained data on the subepicardial response to subendocardial ischemia using a single circumferentially oriented pair of ultrasonic crystals in the epicardium. Blood flow was maintained but subepicardial segment shortening was severely impaired and, therefore, it correlated poorly with outer wall blood flow, indicating dissociation of regional flow and function (Gallagher et al., 1979) . Genain et al. (1979) reported similar findings using a comparable open-chest, anesthetized canine preparation equipped with deep and superficial pairs of ultrasonic crystals oriented circumferentially in the circumflex coronary artery distribution. The present data confirm the circumferential epicardial response observed previously when only one pair of epicardial crystals was used but they indicate that a different pattern of systolic motion exists in the epicardium during subendocardial ischemia when dimension gauges are oriented more vertically, in line with the surface fibers. Unlike the circumferential segments, during partial coronary stenosis, shortening parallel to the epicardial fibers was maintained as long as flow remained normal in the outer wall. Hence, unidimensional measurements of segmental epicardial motion without regard to surface fiber orientation may lead to variable results during nonuniform myocardial ischemia created by partial stenosis of the circumflex artery. Our findings could have relevance for investigators using sonocardiometric, radiographic, and other techniques to measure epicardial segment lengths for dynamic analysis of wall motion abnormalities (McDonald, 1970; Vas et al., 1977; Brower et al., 1978; Pichler et al., 1979; Nellis and Liedtke, 1979; Arts et al., 1980) . Weintraub et al. (1981) also recently reported that epicardial flow and shortening correlated poorly. The epicardial crystals were reported to be inserted parallel to the direction of epicardial fibers, approximately perpendicular to the short axis of the ventricle, but no direct measurements of angles were reported. The crystals, placed in the anterior wall and removed at the end of the experiment, were in myocardium supplied by the left anterior descending artery which was cannulated and autoperfused from the common carotid artery. Weintraub et al. (1981) reported consistent impairment of parallel epicardial shortening despite normal subepicardial perfusion during partial coronary stenosis. Recently, the same group reported preliminary results using epicardial segments arrayed along the axis of the circumferential plane as well as perpendicular to it , and concluded that epicardial segment shortening is independent of cardiac fiber orientation.
These conclusions differ from those of the present investigation, although an accurate comparison of data is hindered by the lack of precise data on crystal location in the study by Weintraub et al (1981) . Differences may also be related to the different location of measurements on the wall of the left ventricle. Our choice of the lateral posterior wall between the circumferential plane and base of the heart was founded on the relative flatness of the area and the uniformity of surface fiber orientation; this greatly facilitated determination of crystal location relative to local fiber orientation. On the other hand, the anterior wall is convex toward the apex, and the surface fibers are oriented at steeper and less uniform angles to the circumferential plane.
During control conditions, the data of Weintraub et al. suggest that greater shortening occurred in the epicardium of the anterior wall than (our study) in the posterior wall (12% vs. 9%), although whether this difference is significant or not is conjectural. Other investigators have reported regional differences in systolic shortening during control conditions from base to apex using sonomicrometers (LeWinter et al., 1975) and from anterior to lateral wall measured with analytic stop-motion photogrammetry (Ingels et al., 1971) . Such differences could relate in part to effects resulting from differences in epicardial fiber orientation and surface contours. Additional differences between the anterior and posterior walls related to ischemia remain speculative, but if constraint of normal epicardial motion is related to tethering of ischemic to nonischemic myocardium, the geometry of an ischemic bed relative to the adjacent nonischemic myocardium could also contribute to the net effect on regional wall motion. For example, the area perfused by the left anterior descending artery tends to be wedge-shaped and widest toward the apex, whereas the circumflex artery perfuses a more rectilinear area including substantial portions of the base. Finally, overall shape changes in the ventricle could be important, since, with circumflex regional ischemia, minor axis shortening is markedly affected with little change in long axis shortening (Hess et al., 1980) . Complete understanding of potential differences due to these factors will require further investigation.
We have previously found that systolic wall thickening correlates closely with subendocardial shortening during ischemia (Sasayama et al., 1976 , Gallagher et al., 1980 . Also, systolic wall thickening correlates well with subendocardial flow and average transmural perfusion but poorly with outer wall myocardial blood flow (Gallagher et al., 1980) . These findings are supported by studies in open-chest, anesthetized pigs, in which no significant influence of acute subepicardial infarction on the extent of overall systolic wall thickening was observed using high-speed cineradiography of metal clips in the myocardium (Heikkila et al., 1971) . Thus, it would be expected that overall wall-thickening dynamics during partial ischemia would correspond closely to changes in subendocardial shortening, and in turn would relate more closely to circumferential epicardial shortening than to parallel epicardial shortening (Fig. 3) . Therefore, overall wall dynamics close to the minor equator are closely reflected by the behavior of the circumferential epicardial segments. This implies that the functional significance of parallel epicardial shortening, in terms of overall wall motion, may be limited.
In the course of experiments carried out for other purposes in conscious dogs equipped with sonomicrometers to measure wall thickness in the outer half of the left ventricular wall, changes in outer wall thickening could be compared to changes in transmural thickening (measured with a separate pair of sonomicrometers in a closely adjacent position) during different levels of coronary stenosis. Normalized data from these experiments are presented in Figure  5 ; although regional blood flow was not measured, on the basis of average results determined previously (Gallagher et al., 1980) , data points to the right of the dashed vertical line represent those with normal outer wall perfusion. In the portion of the graph representing active systolic thickening (positive x and y values), nearly all of the points lie above the line of identity (solid line). This suggests that outer wall function during progressive coronary stenosis, measured as outer wall thickening rather than epicardial segment shortening, is described by a relationship midway between that observed for the two types of epicardial shortening and subendocardial shortening (Fig. 3) . Hence, some constraint of thickening of the outer half of the wall occurs during conditions of subendocardial ischemia, even though shortening parallel to the epicardial fibers may be normal. However, parallel epicardial shortening could serve a useful purpose by modifying the extent of the wall motion disorder associated with subendocardial ischemia, in effect limiting systolic elongation of the dysfunctional inner layers. Determination of whether or not such a mechanism is operative will require further investigation, however.
We conclude that systolic function in the outer left ventricular wall is attenuated by subendocardial ischemia despite normal levels of subepicardial blood flow. The explanation for constraint of epicardial FIGURE 5. Relative changes in systolic transmural wall thickening (x-axis) vs. changes in outer wall thickening (y-axis) during progressive increases in coronary stenosis. Data were obtained from eight conscious dogs with sonomicrometers in the myocardium, one pair positioned to span approximately the outer half of the wall and the other pair to measure wall thickness from endocardium to epicardium. Stenosis was produced with a hydraulic occluder around the circumflex artery. The dashed line represents the average transmural wall thickening at which significant flow reductions in the inner two quarters but not the outer two quarters were documented in a previously published study (Gallagher et al., 1980) . The distribution of points, in the active thickening portion of the graph (x and y values positive) lie primarily above the line of identity, but below the line y = 100%, suggesting this relationship is midway between that for parallel and circumferential epicardial shortening, respectively, and subendocardial shortening. We think this supports the view that some constraint of normal epicardial motion occurs during coronary stenosis, although subepicardial perfusion and parallel epicardial shortening may remain at control levels.
motion may be related to tethering. One form of tethering could be direct coupling between the inner and overlying outer wall. The circumferential epicardial segments probably reflect to some degree the motion of the middle layers of the ventricular muscle, which are primarily in circumferential alignment and constitute a substantial fraction of the total muscle mass (Streeter et al., 1969) . With the mid-myocardium ischemic, it is reasonable that limitation of segmental shortening in the same (circumferential) direction, measured in the overlying subepicardial muscle, would occur as we observed with PCO2. The degree of midmyocardial flow reduction at PCO2 was approximately 45% (Table 3) , however, a level of ischemia which may be too low to account fully for the elimination of circumferential epicardial shortening. This suggests that another type of tethering, between ischemic and nonischemic zones of the myocardium, may be operating in these circumstances, as well. For example, normally contracting myocardium adjacent to the ischemic zone could restrain systolic motion in the well-perfused outer muscle which exists as a relatively thin area of viable tissue, no longer supported by the deeper muscle in which absent or markedly attenuated shortening is occurring due to ischemia. This explanation implies that the load im-posed on the subepicardial muscle in the circumferential orientation exceeds the tension which the viable subepicardial muscle can generate across a relatively thin portion of the wall in that direction. Increased regional wall stress (as end-diastolic segment dimensions increase and the wall thins) may compound the problem by augmenting the level of tension required for a normal pattern of motion to occur. Additional work will be necessary to define adequately the nature and role of these effects in the ischemic myocardium.
The presence of a sizeable portion of the affected region of the wall that is nonischemic, but constrained from shortening normally, could have considerable functional significance. For example, a variety of pharmacological agents or altered loading conditions could enhance regional wall motion in ischemic regions by a predominant effect on normal muscle in the outer wall layers.
